Bacteriovorax is the halophilic genus of the obligate bacterial predators, Bdellovibrio and like organisms. The predators are known for their unique biphasic life style in which they search for and attack their prey in the free living phase; penetrate, grow, multiply and lyse the prey in the intraperiplasmic phase. Bacteriovorax isolates representing four phylogenetic clusters were selected for genomic sequencing. Only one type strain genome has been published so far from the genus Bacteriovorax. We report the genomes from non-type strains isolated from aquatic environments. Here we describe and compare the genomic features of the four strains, together with the classification and annotation.
Introduction
As a member of the highly diverse Deltaproteobacteria class, the obligate bacterial predators Bdellovibrio and like organisms possess unique ecological features that are worth exploring. They are the only known predatory bacteria that exhibit a life cycle alternating between an extracellular free-living phase and an intraperiplasmic phase and are capable of invading the periplasmic space of prey cells, resulting in the lysis of the prey and release of new progeny [1] . Based on their small size, about 1/ 5th that of a typical bacterium cell, BALOs have been called "the world's smallest hunters". Nevertheless, their genomes are larger than expected, more than 3.98 Mb in Bdellovibrio. bacteriovorus Tiberius [2] , 3.78 Mb in B. bacteriovorus HD100 [1] and 3.44 Mb in Bacteriovorax marinus SJ [3] . Despite the uniqueness [4] , and increasing understanding, of the potential of these organisms in various applications [5] [6] [7] , their phylogeny and unique predatory features are only beginning to be understood.
Systematics has played a most important role in advancing the study of the BALOs. Based on systematic genomic molecular techniques, the original BALO genus, Bdellovibrio, has been subdivided into four genera: Bdellovibrio, Bacteriolyticum, Peredibacter, and Bacteriovorax [8] [9] [10] . Being an exclusive saltwater genus, Bacteriovorax is distinct from the freshwater/terrestrial members of BALOs in many ways. It is ubiquitous in salt-water environments [10] , requires at least 0.5% NaCl for growth, prefers saltwater prey [11] , thrive at a lower temperature range [12] and has a lower % GC ratio of ca. 37% [13] compared to the 50.65% of the freshwater Bdellovibrio bacteriovorus HD100. Currently, Bacteriovorax marinus SJ is the only strain from the genus Bacteriovorax of which the complete genome has been sequenced and reported.
To date, variations in the 16S rRNA sequences have yielded approximately eight Bacteriovorax clusters or OTUs. The previously sequenced Bacteriovorax marinus SJ T is one of the representatives that belong to phylogenetic Cluster III. This classification scheme has enabled for the first time the detection of specific Bacteriovorax strains in environmental/ecological studies. The validity of using the 16S rRNA gene was tested by comparison with the rpoB gene [10] . The results of recent studies monitoring the activities and distribution of specific phylogenetic clusters have yielded new discoveries on the distribution, predation patterns, prey preferences, and ecology of this bacterial predator [14] [15] [16] .
Here we present a description of the draft genomes of Bacteriovorax isolates of four phylogenetic clusters isolated from estuarine systems, together with the description of the genomic sequencing and annotation.
Organism information
A 16S rRNA phylogenetic tree was constructed showing the phylogenetic neighborhood of the four newly sequenced Bacteriovorax strains within the family of Bdellovibrionaceae ( Figure 1 ). As expected, Bacteriovorax sp. strain BSW11_IV was grouped together with cluster IV, strain SEQ25 _V with cluster V, Strain DB6_IX with Cluster IX and lastly strain BAL6_X with cluster X.
General features of Bacteriovorax spp. are summarized in Table 1 . Individual features of Bacteriovorax isolates have not been sufficiently explored and are largely unknown. Micrographs generated by both transmission electron microscopy and scanning microscopy ( Figure 2) suggest that Bacteriovorax spp. employ similar predation Figure 1 Phylogenetic tree highlighting (red) the position of four newly sequenced Bacteriovorax strains relative to the type strains within the family Bdellovibrionaceae and two non-type strains of each Bacteriovorax phylogenetic clusters. The tree was constructed using 16S rRNA gene sequences aligned by the RDP aligner, and was inferred using RaxML 7.25 [17] strategies as other BALO members to attack and reside in the periplasic space of its prey.
Genome sequencing information
Genome project history Table 2 presents the project information and its association with MIGS version 2.0 compliance [19] . Evidence codes -IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence codes are from the Gene Ontology project [27] .
Growth conditions and DNA isolation
Bacteriovorax cultures were grown separately in 70% artificial sea water (ASW) (Instant Ocean, Aquarium Systems, Inc., Mentor, Ohio) (pH 8, salinity 22 ppt.) amended with prey, Vibrio. vulnificus CMCP6 (for Bx sp. BSW11_IV and SEQ25_V), or V. parahaemolyticus RIMD 2210633 (for Bacteriovorax sp. DB6_IX and BAL6_X). The genomes of both prey bacteria have been sequenced previously [28, 29] . When cultures became clear (2-3 days after inoculation of the prey), which indicated the majority of the prey cells were lysed by the predators, 300 ml suspensions were filtered consecutively through 0.45 and 0.22 μm sterile syringe filters (Corning, NY, USA) to remove any remaining prey. Filtrates containing high concentrations of Bacteriovorax cells (ca. 4 × 10 8 PFU ml −1 ) were centrifuged at 27,485 × g for 20 min at 4°C. The pellets were then re-suspended in 1 ml of ASW respectively. To test that the concentrated Bacteriovorax suspensions were free of prey cell contamination, aliquots of 0.1 ml of the filtrate were spread-plated onto LB agar and incubated at 37°C for two days.
Subsequently, total DNA from the cell pellets were extracted using the QIAGEN Kit (QIAamp DNA Mini Kit), according to the manufacturer's protocol. The concentration and purity of DNA was measured by a NanoDrop Spectrophotometer (ND 1000, Thermo Fisher Scientific, DE). To reconfirm the phylotype of the isolations, the DNA was PCR amplified using Bacteriovorax specific primers, Bac-676 F (5′-ATT TCG CAT GTA GGG GTA-3′) and Bac-1442R (5′-GCC ACG GCT TCA GGT AAG-3′) [30] by puReTaq Ready-To-Go PCR Beads (GE Healthcare Bio-Sciences). PCR products were purified were generated per genome. To incorporate a hybrid assembly using both 454 and Illumina sequence libraries, one million reads were randomly sampled (with their mates) from the Illumina library using Celera [32] , which was sufficient to provide high coverage in the initial assemblies.
Genome annotation
Genes were identified using GLIMMER3 [33] as part of the JCVI prokaryotic annotation pipeline followed by manual curation using the Manatee annotation-editing platform. The JCVI automated pipeline incorporates HMM3 [34] searches against Pfam [35] and TIGRFAMs [36] and BLASTP against UniProt [37] , JCVI's database of experimentally characterized proteins CharProt DB [38] , and PIR [39] .
Genome properties
The Bacteriovorax sp. BSW11_ IV draft genome contains 3,650,096 bp with a GC content of 37%. The hybrid assembly was scanned for contamination using BlastP and the appropriate contigs were filtered out. The final assembly comprised of 3 scafolds, 30 RNAs and 3457 CDS. For the CDSs, 2591 (75%) proteins had a BLASTP hit with an e-value of 1e-9 or better to Bacteriovorax marinus SJ, and an additional 151 (4%) CDSs had a hit within the genus Bdellovibrio. The Bacteriovorax sp. SEQ25_V draft genome contains 3,450,786 bp with a GC content of 37%. The sequences were assembled into 29 contigs comprised of 35 RNAs and 3,292 CDSs. Among the CDSs, 2,456 (75%) of proteins had a BLASTP hit with an e-value of 1e-9 or better to Bacteriovorax marinus SJ, and an additional 131 (4%) CDSs had a hit within the genus Bdellovibrio.
The Bacteriovorax sp. DB6_IX draft genome contains 2,969,235 bp with a GC content of 38%. Sequences were assembled into 10 scaffolds with 30 RNAs and 3192 CDSs. Among theCDSs 2,253 (71%) proteins had a BLASTP hit with an e-value of 1e-9 or better to Bx marinus SJ, and an additional 97 (3%) CDSs had a hit within the genus Bdellovibrio.
The Bacteriovorax sp. BAL6_ X draft genome contains 3,233,679 bp with a GC content of 36%. The reads were assembled into 9 contigs with 37 RNAs and 3,065 CDSs. Among the CDSs, 2,298 (72%) proteins had a BLASTP hit with an e-value of 1e-9 or better to Bacteriovorax marinus SJ, and an additional 92 (3%) CDSs had a hit within the genus Bdellovibrio.
It is noteworthy to point out that three phage tail fiber proteins were identified within the Bx sp. BSW11_IV genome but were absent from all the other BALO genome including the completed Bacteriovorax marinus SJ and Bdellovibrio bacteriovorus HD100 genomes. A staphylococcal phi-Mu50B-like prophage element was present in both SJ and HD 100 genomes but was not found in the genomes of the four newly sequenced Bacteriovorax isolates. The properties and the statistics of the genome are summarized in Tables 3, 4 and 5 and (Additional file 1: Table S1 ). The total is based on either the size of the genome in base pairs or the total number of protein coding genes in the annotated genome.
Insights from the genome sequences

Genome Comparisons between BALO Members
Crossman et al., [40] reported that the genomic sequences of Bacteriovorax marinus SJ were unique with about one third of predicted genes over 500 bp in length having no significant hit in the databases. No genomic synteny was found between SJ and its closest whole genome sequenced relative at that time, Bdellovibrio bacteriovorus HD100. We found that even within the genus Bacteriovorax, the genomic sequences were highly divergent with an average identity of 70%. A Venn diagram summarizing the comparison of the four Bacteriovorax isolates is presented in Figure 3 . As shown in the diagram, a core of 1,513 proteins is shared by all four Bacteriovorax genomes and each encodes many proteins without orthologs in the other three ( Figure 3A) . When compared to the freshwater/ terrestrial Bdellovibrio bacteriovorus HD 100, only a total of 843 genes were shared between all BALO members ( Figure 3B ). The calculated ANI [41] for BALO members (Additional file 2: Table S2 ) is below 75%, which is the threshold for the scores to be reliable. The AAI among the five Bacteriovorax genomes ranged between 50% to 60% (Additional file 3: Table S3 ), also significantly lower than the typical values found for species within a genus (73%-99.5%) [42, 43] . Currently, several proposals to clarify and revise the systematics of BALOs are under consideration.
Comparisons of BALOs and non-predatory bacteria
Phylogenetically, most genera of BALOs (including Bacteriovorax) are classified as Deltaproteobacteria. Members of this class are found in diverse environments with various lifestyles such as Myxococcus xanthus which is The total is based on the total number of protein coding genes in the annotated genome.
characterized by its gliding motility and wolf pack predatory strategy to prey on other bacteria [44] , Pelobacter carbinolicus which grows by using iron and sulfur as electron acceptors [45] , and the focus of this study, the obligate predators Bacteriovorax spp. which replicate within the periplasmic space of prey bacteria. Although their ecological features are distinct, the genomes of Deltaproteobacteria were found to exhibit some common characteristics. For example, most Deltaproteobacteria, including the Bdellovibrio bacteriovorus HD 100, typically possess two giant S1 ribosomal protein genes and high numbers of TonB receptors and ferric siderophore receptors which facilitate metal uptake and removal [46] . In contrast, only one giant S1 protein was found in the Bacteriovorax marinus SJ genome [40] , and our study confirmed that this is the case for the other four Bacteriovorax genomes. Bacteriovorax genomes also encodes multiple TonB receptor proteins (6-11 copies) and ferric siderophore receptors (2-4 copies) that they may use for predation. Using a reciprocal best match analysis with e-value cutoff of 10-9, 843 core genes were found to contain orthologs in all six BALO genomes including previously sequenced SJ and HD 100 genomes (see center of Figure 3B ). Fifty nine of these genes (Additional file 4: Table S4 ) have no homologs with an E-value of 10-9 or lower to proteins from any non-predatory bacterium in the NCBI "nr" database. These genes, including periplasmic proteins, a radical activating enzyme and an outer membrane channel protein, may represent a core set of unique genes involved in the predatory process and prey interactions such as locating the prey, degradation and consumption of prey cellular content, formation of bdelloplast, synchronous nonbinary septation or release of progeny from the ghost cell.
Conclusion
The genomes of four Bacteriovorax phylogenetic clusters isolated from the environment were sequenced. The genome sizes of the four strains were comparable with
